In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
At the genetic level, in both animals and plants, Cd can induce chromosomal aberrations, abnormalities in Introduction Water deficit is the major abiotic stress factor limiting plant growth and crop productivity worldwide (Boyer, 1982) . One of the prominent adaptations of plants to water-limited conditions is maintenance of root system development as the soil dries, which enables the access of water from deeper soil profiles (Sharp and Davies, 1989; Sponchiado et al., 1989; Ober and Sharp, 2007) . In some circumstances, to reach moist soil the roots must grow through soil that is already dry, and it has been shown that some root types, including the primary root of several crop species, can continue growing at low soil water potentials that completely inhibit shoot growth (Sharp and Davies, 1979; Westgate and Boyer, 1985; Sharp et al., 1988; Spollen et al., 1993; . Understanding how root tissues maintain growth at low water potentials could provide important insights for developing plants with improved drought tolerance (Ober and Sharp, 2012) .
Studies of maize (Zea mays L.) primary root adaptation to water-limited conditions identified contiguous regions within the growth zone with distinct responses of cell elongation to low water potentials (Sharp et al., 1988; Liang et al., 1997) . Remarkably, local elongation rates are fully maintained in the early ontogenetic phases of growth (apical few millimetres) even under severe water stress (water potential of -1.6 MPa). However, deceleration and cessation of elongation occur closer to the apex than in well-watered roots, resulting in a shortened growth zone. In association with the spatially variable response of cell elongation to low water potential, several growth-related processes were shown to be differentially regulated in the apical and basal regions of the growth zone (reviewed in Sharp et al., 2004; Ober and Sharp, 2007; . In particular, cell wall extensibility is enhanced in the apical region but decreased in the basal region of water-stressed compared with well-watered roots (Wu et al., 1996) . The enhancement of extensibility in the apical region is considered to be important to maintain cell elongation despite reduced turgor pressure resulting from incomplete osmotic adjustment Spollen and Sharp, 1991) .
Transcriptomic and cell wall proteomic analyses of the maize primary root growth zone revealed region-specific changes in gene expression and protein composition profiles between wellwatered and water-stressed roots (Zhu et al., 2007; Spollen et al., 2008) . In particular, several cell wall proteins involved in reactive oxygen species (ROS) metabolism were more abundant in the apical region of water-stressed roots. Prominent among these changes were two putative oxalate oxidase/germin proteins and a superoxide dismutase (SOD), which contribute to the production of hydrogen peroxide (H 2 O 2 ), although the abundance of an ascorbate peroxidase, which scavenges H 2 O 2 , also increased. The putative oxalate oxidase was more abundant throughout the growth zone in the water-stressed roots, and an additional oxalate oxidase increased in abundance in the basal region. Furthermore, the abundance of several ascorbate peroxidases decreased in the basal region. On the other hand, the abundances of two SODs decreased in the basal region.
These results suggested that the levels of apoplastic ROS, particularly H 2 O 2 , may be modified in a region-specific manner in the growth zone of water-stressed compared to well-watered roots. Apoplastic ROS may have cell wall loosening or tightening effects that could be region specific, and may also have other growth regulatory functions (Dumas et al., 1995; Fry, 1998; Cόrdoba-Pedregosa et al., 2003; Foreman et al., 2003; Tyburski et al., 2010) . Accordingly, to understand the involvement of apoplastic ROS in regulating the root growth response to water stress, it is important to evaluate the spatial distribution of apoplastic ROS levels in the growth zone of well-watered and water-stressed roots.
To determine whether apoplastic ROS levels are altered in the growth zone of water-stressed roots, Zhu et al. (2007) attempted to image apoplastic ROS in situ using a fluorescent indicator dye (2',7'-dichlorodihydrofluorescein [H 2 DCF]) that was expected to be impermeable to the plasma membrane. The results showed that apoplastic ROS levels were substantially increased in the apical region of the growth zone of water-stressed compared with well-watered roots. However, for unknown reasons, the dye readily penetrated into the cytoplasm of both well-watered and water-stressed roots in the more basal regions of the growth zone. Consequently, apoplastic ROS levels could not be analysed in the basal regions.
Hence, the primary objective of this study was to evaluate the spatial distribution of changes in apoplastic ROS in the maize primary root growth zone under water-stressed conditions. This was achieved using the cerium chloride histochemical staining method, which specifically stains for H 2 O 2 (Bestwick et al., 1997) . When cerium chloride reacts with H 2 O 2 , it forms insoluble electron-dense deposits of cerium perhydroxide, which can be imaged by transmission electron microscopy to localize the sites of H 2 O 2 accumulation precisely (Bestwick et al., 1997) . Importantly, in living cells, cerium chloride is unable to diffuse into the cytoplasm and hence it reacts specifically with H 2 O 2 present in the apoplast (Chen et al., 2009) . Therefore, the cerium chloride method is ideally suited to evaluate the spatial distribution of apoplastic H 2 O 2 levels in the root growth zone.
In the above-mentioned study by Zhu et al. (2007) , imaging of apoplastic ROS with H 2 DCF was conducted in vivo in conjunction with confocal imaging. As a result, the apoplastic ROS levels in the apical region were assessed only in the epidermis. Hence, the second objective of using the cerium chloride staining method was to examine if increases in apoplastic H 2 O 2 in the growth zone of water-stressed roots occurred in cortical tissues in addition to the epidermis.
The results demonstrate that increased apoplastic H 2 O 2 levels in the growth zone of water-stressed maize primary roots are specific to the apical region of growth maintenance. Potential roles of apoplastic H 2 O 2 in regulating the response of root elongation at low water potentials are discussed.
Materials and methods

Plant material and growth conditions
Seeds of maize inbred line FR697 were used in all experiments; FR697 was used for previous analyses of the spatial patterns of relative elongation rate ( Fig. 1 ; Sharp et al., 2004) and transcript (Spollen et al., 2008) and cell wall protein profiles (Zhu et al., 2007) . After sterilization in 5% NaClO solution for 15 min, seeds were washed in deionized water and imbibed in aerated 1 mM CaSO 4 solution. After 24 h, seeds were germinated between sheets of germination paper moistened with 1 mM CaSO 4 at 29 °C in the dark. Seedlings with primary roots 10-20 mm in length were then transplanted against the interior surface of Plexiglas boxes filled with vermiculite (no. 2A, Therm-O-Rock East Inc., New Eagle, PA, USA) at a water potential of -0.03 MPa (wellwatered treatment, moistened to the drip point with 1 mM CaSO 4 ) or -1.6 MPa (water-stressed treatment, obtained by thorough mixing with a specific amount of 1 mM CaSO 4 ) (Sharp et al., 1988; Spollen et al., 2000) . The volume of CaSO 4 solution required to obtain a water potential of -1.6 MPa varied slightly in different experiments due to variation in the water content of the vermiculite, and was determined by calibrating the vermiculite immediately prior to each experiment. Vermiculite water potentials were measured by isopiestic thermocouple psychrometry (Boyer and Knipling, 1965) . The seedlings were grown for 48 h at 29 °C and near-saturation humidity in the dark, and the primary roots were then harvested as described below. Transplanting and harvesting were performed using a green 'safe' light (Saab et al., 1990) .
Cerium chloride staining of apoplastic H 2 O 2 and transmission electron microscopy in different regions of the root growth zone
As shown in Fig. 1 , three contiguous regions with distinct elongation characteristics can be discerned within the apical 12 mm of the primary roots of well-watered and water-stressed seedlings. In region 1 (R1, 0-3 mm from the root cap junction), relative elongation rates are completely maintained in water-stressed compared with well-watered roots. In region 2 (R2, 3-7 mm), elongation rates are maximal in well-watered roots but are progressively inhibited in water-stressed roots. In region 3 (R3, 7-12 mm), elongation decelerates in well-watered roots and is completely inhibited in water-stressed roots.
To analyse the relative levels of apoplastic H 2 O 2 in the different regions, the cerium chloride staining protocol was followed as described by Bestwick et al. (1997) . Thirty seedlings were grown under wellwatered and water-stressed conditions, and eight roots per treatment that had the closest root lengths to the mean were harvested. One-mm-long segments were immediately sectioned from within R1, R2, and R3 of each root (specific distances from the root cap junction were 0.5-1.5 mm, 5-6 mm, and 10-11 mm, respectively, as shown in Fig. 1 ). For the wellwatered treatment, the root segments were stained in freshly prepared 5 mM cerium chloride solution in 50 mM MOPS buffer at pH 7.2 for 1 h. For the water-stressed treatment, the root segments were stained in the same solution with the addition of melibiose (0.22 g ml -1 ) to lower the water potential to -1.6 MPa (the same water potential as the vermiculite in which the roots had been growing). The use of an isoosmotic staining solution prevented an osmotic shock to the roots (Zhu et al., 2007) ; melibiose was chosen for this purpose because of evidence that it is neither hydrolysed nor taken up by plant cells (Dracup et al., 1986) . In preliminary experiments, segments from water-stressed roots were stained using a non-isoosmotic staining solution (i.e. without the addition of melibiose). However, these samples showed a marked increase in the presence of large vacuoles, probably due to osmotically-driven influx of staining solution into the cells. By contrast, water-stressed samples that were stained in isoosmotic solution showed a cellular organization similar to that of the well-watered samples.
After cerium chloride staining, the segments were fixed in 1.25% (v/v) glutaraldehyde/1.25% (v/v) paraformaldehyde in 60 mM sodium cacodylate buffer at pH 7.2 for 1 h, washed, and post-fixed according to the methods described in Bestwick et al. (1997) . Three root segments per region from each treatment were randomly selected for embedding and sectioning. Longitudinal sections of approximately 60 nm thickness were obtained from the central cortical region of each segment, mounted on copper grids, and observed with a transmission electron microscope (JEM-1400, JEOL Ltd., Tokyo, Japan). Preliminary experiments indicated that the standard uranyl acetate staining protocol for transmission electron microscopy of thin sections interfered with visualization of the cerium perhydroxide deposits. Therefore, the root sections were processed without uranyl acetate staining, as suggested by Blokhina et al. (2001) . Images of uniform area from at least 25 sites per section were obtained with a Bioscan 812 Gatan camera (Gatan Company, Pleasanton, CA, USA) and visualized using Windows Picture and Fax Viewer (Microsoft Corp., Redmond, WA, USA). The amount of cerium perhydroxide deposits in the cell walls was assessed using both qualitative (overall appearance) and quantitative (number of deposits per image) scoring protocols, as detailed in the Results.
Analysis of relative areas occupied by cerium perhydroxide deposits and cell walls
To increase the accuracy of the quantitative assessment of cerium perhydroxide deposits in the cell walls, five representative electron microscopy images from R1 of well-watered and water-stressed roots were used to analyse the relative areas occupied by the deposits and the cell walls. The images were segmented by automatic thresholding using ImageJ software (Abramoff et al., 2004) to obtain binary images containing only the black cerium perhydroxide deposits on a white background or the white cell walls on a dark background; extraneous pixels were removed manually. The images were then used to quantify the number of pixels covered by the deposits or the cell walls relative to the total area of the image, thereby providing an assessment of the area of deposits per unit area of cell wall.
Oxalate oxidase activity staining assay Seedlings were grown under well-watered and water-stressed conditions as described above. At 48 h after transplanting, the apical 12 mm of the primary roots were excised and stained for oxalate-dependent oxalate oxidase activity by oxidation of 4-chloro-1-naphthol, seen as dark blue staining, as described by Dumas et al. (1995) . The root segments were placed in a staining solution containing 25 mM succinic acid, 3.5 mM EDTA, 2.5 mM oxalic acid at pH 4, and 0.6 mg ml -1 4-chloro-1-naphthol. For the water-stressed treatment, the root segments were stained in solutions both with and without the addition of melibioise to lower the water potential to -1.6 MPa, since the results suggested that melibiose may interfere with the staining assay. After 24 h of staining at 25 °C, the root segments were washed several times in deionized water and imaged using a stereomicroscope (MZFLIII, Leica, Wetzlar, Germany). Controls for oxalate oxidase staining reactions were wellwatered and water-stressed roots incubated in staining solution without oxalic acid. To evaluate whether oxalate oxidase staining was localized to the cell walls, transverse sections (125 µM in thickness) from R1 of representatively stained well-watered and water-stressed roots were prepared using a vibratome (Lancer series 1000, St Louis, MO, USA) and observed using a Vanox microscope (series AH BT3, Olympus America Inc., Center Valley, PA, USA).
Results
Spatial distribution of apoplastic H 2 O 2 in the growth zone of well-watered and water-stressed roots
Representative images of the localization of electron-dense cerium perhydroxide deposits in longitudinal sections from the central cortical region of R1 (panels A, G), R2 (panels B, H), and R3 (panels C, I) of well-watered and water-stressed roots, respectively, are illustrated in Figure 2 . The spatial patterns of relative elongation rate and the locations of the samples within the different regions are shown in Fig. 1 . Higher magnification of portions of the images from well-watered (panels D-F) and Fig. 1 . Displacement velocity as a function of distance from the root cap junction of primary roots of maize line FR697 under well-watered (WW, water potential of -0.03 MPa) or waterstressed (WS, water potential of -1.6 MPa) conditions. R1 to R3, as described in the text, are indicated. The spatial distribution of relative elongation rate is obtained from the derivative of displacement velocity with respect to position. Bars on the abscissa denote the specific locations from which samples were analysed for apoplastic H 2 O 2 levels. Modified from Sharp et al. (2004) with kind permission of Oxford University Press; the original data were calculated from root elongation rates and cortical cell length profiles at 48 h after transplanting. water-stressed (panels J-L) roots reveals that the deposits were localized specifically in the cell walls, indicating the presence of apoplastic H 2 O 2 . The images show that deposits were few in number and mainly localized to the cell wall junctions in all cases except for R1 of water-stressed roots (panels G and J), in which the deposits were much more abundant and more uniformly distributed along the cell walls.
To evaluate the relative amounts of apoplastic H 2 O 2 in the different regions of well-watered and water-stressed roots, two scoring methods were used to assess qualitatively and quantitatively the amount of cerium perhydroxide deposits. For qualitative scoring, images were given a score of 0 to 4 based on the overall appearance of the deposits: 0, none to mild; 1, mild; 2, moderate; 3, high; and 4, very high levels. For quantitative scoring, the number of deposits per image was manually counted and scored as follows: 0, <50 deposits; 1, 51-100 deposits; 2, 101-150 deposits; 3, 151-200 deposits; and 4, >200 deposits. Representative images of root sections having different qualitative and quantitative scores are shown in Supplementary Fig. S1 at JXB online. These scoring methods were used to assess the presence and accumulation of cerium perhydroxide deposits in at least 25 sites (images) from individual sections of three replicate samples per region of well-watered and water-stressed roots (i.e., a total of at least 75 images were analysed per region of each treatment).
The mean qualitative and quantitative scores per sample and per region are shown in Table 1 . The results from both scoring methods showed that apoplastic H 2 O 2 levels were increased significantly in R1 of water-stressed compared with well-watered roots; mean quantitative scores were 0.17 and 2.36 for the wellwatered and water-stressed roots, respectively. By contrast, apoplastic H 2 O 2 levels were not significantly different between the treatments in either R2 or R3. In addition, in the water-stressed roots, apoplastic H 2 O 2 levels were significantly higher in R1 than in the other regions according to both the qualitative and quantitative scoring. In the well-watered roots, R1 had slightly lower apoplastic H 2 O 2 levels compared with R2 and R3 according to the qualitative scoring although not by the quantitative scoring.
These results show that, in the water-stressed roots, apoplastic H 2 O 2 levels increased specifically in the apical part of the growth zone, spatially correlating with the region in which cell elongation was maintained (Fig. 1) .
Both the qualitative and quantitative scoring methods were based on assessment of cerium perhydroxide deposits per image. Therefore, the results could have been influenced by possible treatment effects on cell wall thickness and cell geometry, which would have influenced the amount of cell wall per image. Accordingly, to ensure that the increase in number of cerium perhydroxide deposits in R1 of water-stressed roots (Table 1) was not attributable simply to an increase in the amount of cell wall present in the images, subsets of representative images from both treatments were analysed in greater detail to normalize the area of deposits to the area of cell walls. Examples of the images used for this analysis are shown in Fig. 3 (the mean quantitative scores of the analysed images were 0 for the well-watered root and 3 for the water-stressed root). The results (Table 2) showed that, although the area of cell wall per image was approximately 2-fold greater in R1 of water-stressed compared with well-watered roots, the area of cerium perhydroxide deposits per image was increased 27-fold. Thus, the area of deposits per unit area of cell wall increased approximately 13-fold, confirming that apoplastic H 2 O 2 levels were greatly increased in R1 of water-stressed roots. Examination of the images suggested that the increase in cell wall area per image in water-stressed compared with well-watered roots resulted from an increase in average cell wall thickness rather than a change in cell geometry.
Localization of oxalate oxidase enzyme activity in wellwatered and water-stressed roots
The results in Tables 1 and 2 show that in water-stressed roots, apoplastic H 2 O 2 levels increased greatly in the apical part of the growth zone (R1), but were not affected in the more basal regions (R2 and R3). By contrast, cell wall proteomic analysis revealed The amount of cerium perhydroxide deposited in the walls of cortical cells was assessed qualitatively and quantitatively based on the scoring systems described in the Results. At least 25 transmission electron microscopy images from each of three replicate samples for R1, R2, and R3 of well-watered (WW) and water-stressed (WS) roots were examined. The average scores from each region and treatment are shown. Values are means ±SE. Asterisks denote significant differences between the well-watered and water-stressed samples (F-test: *P <0.05). Triangles denote significant differences between regions within a treatment (F-test: ▲ P < 0.05; ▲▲ P < 0.01).
that oxalate oxidase protein abundance increased substantially throughout the growth zone of water-stressed compared to wellwatered roots (Zhu et al., 2007) . Accordingly, to gain a greater understanding of the apical specificity of H 2 O 2 accumulation, the effect of water stress on the spatial distribution of oxalate oxidase activity was examined. There was no discernible oxalate oxidase activity staining at any location within the apical 12 mm of well-watered roots (Fig. 4A) . By contrast, the water-stressed roots showed pronounced staining in the 1-2 mm region immediately behind the root cap junction (Fig. 4C) , corresponding to the region in which apoplastic H 2 O 2 levels were increased ( Fig. 1; Table 1 ). Roots stained in the buffer without oxalate showed negligible staining throughout the growth zone in both the well-watered and water-stressed treatments (Fig. 4B, 4D) , demonstrating that the staining was specific to oxalate oxidase activity. The absence of staining in the no-oxalate control for the water-stressed roots (Fig. 4D) was probably attributable to limited sensitivity of the assay, rather than lack of endogenous apoplastic oxalate. Similar results were obtained in other species and tissues when the same method was used (Dumas et al., 1995; Caliskan and Cuming, 1998) . Additional experiments in a different genotype showed that over-expression of an oxalate oxidase resulted in increased levels of apoplastic H 2 O 2 in the apical region of both well-watered and water-stressed roots, indicating that availability of endogenous oxalate was not limiting in either treatment (P Voothuluru et al., unpublished data) .
Transverse sections from the middle of the stained apical region (insets to Fig. 4A, 4C ) illustrate oxalate oxidase activity in the cortical cells of the water-stressed roots, in association with the increase in apoplastic H 2 O 2 in this tissue (Fig. 2 ; Table 1 ). The transverse sections also reveal that the staining was localized to the cell walls, as expected because oxalate oxidase activity is known to be specific to the cell wall (Jaikaran et al., 1990; Caliskan and Cuming, 1998; Ramputh et al., 2002) . The water-stressed roots also showed slight oxalate oxidase activity Fig. 3 . Representative images showing the areas occupied by cerium perhydroxide deposits and cell walls in R1 of well-watered (WW) and water-stressed (WS) roots. Images obtained by transmission electron microscopy from well-watered (A) and water-stressed (D) roots were analysed to isolate the areas occupied by black cerium perhydroxide deposits (B, E) and white cell walls (C, F) (see Materials and methods for details of the analysis). The areas occupied by cerium perhydroxide deposits and cell walls were assessed in transmission electron microscopy images obtained from R1 of well-watered (WW) and water-stressed (WS) roots. Values are means ±SE (n=5). Asterisks denote significant differences between the wellwatered and water-stressed samples (t test: *P < 0.1; **P < 0.01).
staining throughout the remainder of the apical 12 mm (Fig. 4C) .
The intensity of staining tended to increase beyond approximately 8 mm from the root cap junction, although not to as great an extent as in the apical region and with considerable variation between individual roots. It should be noted that the oxalate oxidase activity results for water-stressed roots shown in Fig. 4 were obtained using non-isoosmotic staining solution (i.e. without the addition of melibiose to lower the water potential to -1.6 MPa). When an isoosmotic staining solution was used, the pattern of oxalate oxidase activity along the root tip was similar but the staining in the apical region had a more patchy appearance (see Supplementary Fig. S2 at JXB online), suggesting that the addition of melibiose may have interfered with the staining assay.
Discussion
Spatial distribution of apoplastic H 2 O 2 and oxalate oxidase activity in the growth zone of water-stressed roots
Our findings demonstrate that changes in apoplastic ROS levels in the growth zone of maize primary roots growing at low water potential are tightly regulated in a spatially specific manner, suggesting that this response may play an important role in root growth regulation under water stress. The results of the cerium chloride staining assay for apoplastic H 2 O 2 (Fig. 2;  Table 1 ) confirm the earlier finding (Zhu et al., 2007) that apoplastic ROS levels increase markedly in the apical region (R1) of the growth zone of water-stressed roots. Moreover, the results reveal that this response is specific to R1, correlating spatially with the region in which cell elongation rates are fully maintained compared with well-watered roots (Fig. 1) . The results also show that the increase in apoplastic ROS in the apical region under water stress occurs in cortical tissues (Fig. 2) as well as in the epidermis (Zhu et al., 2007) . By contrast, the basal regions (R2 and R3) of the growth zone of water-stressed roots and the entire growth zone of well-watered roots have relatively low levels of apoplastic H 2 O 2 . It should be noted that the focus of this study was to reveal differences in apoplastic H 2 O 2 levels between the well-watered and water-stressed treatments, and the cerium chloride staining assay was optimized for this objective. Thus, although the well-watered roots exhibited relatively low levels of apoplastic H 2 O 2 compared with the enhanced level in the apical region of water-stressed roots, this finding does not imply that the well-watered and waterstressed roots necessarily employ distinct growth regulatory processes.
The increase in apoplastic H 2 O 2 levels in the apical region of the growth zone in water-stressed roots was likely to have resulted, at least in part, from the induction of oxalate oxidase Fig. 4 . Oxalate-dependent oxalate oxidase activity determined by oxidation of 4-chloro-1-naphthol, seen as dark blue staining, in 12 mm apical segments of (A) well-watered (WW) and (C) water-stressed (WS) roots at 48 h after transplanting. Control (no oxalate supplied) staining of (B) well-watered and (D) water-stressed roots is also shown. The experiment was repeated twice with similar results. The insets in (A) and (C) show cortical cells (from 125-µm-thick transverse sections) in R1 of well-watered and water-stressed roots, respectively, and illustrate that the staining for oxalate oxidase activity in water-stressed roots was localized to the cell walls. activity in this region (Fig. 4) . Oxalate oxidase/germin proteins are apoplast-localized enzymes that catalyse the conversion of oxalate to CO 2 and H 2 O 2 (Lane, 1994; Woo et al., 2000) . Transcriptomic and cell wall proteomic analyses showed that expression (Spollen et al., 2008) and protein abundance (Zhu et al., 2007) of oxalate oxidase/germin proteins were substantially increased in R1 of water-stressed relative to well-watered roots. Consistently, water-stressed roots exhibited pronounced oxalate oxidase activity in R1, whereas well-watered roots showed negligible activity throughout the growth zone.
By contrast, the lack of accumulation of apoplastic H 2 O 2 in R2 and R3 of water-stressed roots ( Table 1) was unexpected. Although the abundances of two SODs decreased in the basal region, the abundances of two oxalate oxidases increased substantially with increasing distance from the apex, with the highest levels in R3 and still higher levels in the 12-20 mm region beyond the growth zone (Zhu et al., 2007) . In this context, it is significant to note that the apical and basal regions of the growth zone have differential responses of apoplastic pH to low water potential conditions. Since oxalate oxidases have a low pH optimum (Vuletic and Sukalovic, 2000) , the spatial pattern of oxalate oxidase activity in the root growth zone is regulated in part by the distribution of apoplastic pH. In water-stressed roots, the apical region of the growth zone was found to maintain acidic apoplastic pH levels comparable to those in well-watered roots, whereas the basal region had a relatively high apoplastic pH compared with well-watered roots (Fan and Neumann, 2004) . Accordingly, the maintenance of apoplastic pH in the apical region under water stress is likely to be optimal for oxalate oxidase activity and apoplastic H 2 O 2 production. Conversely, the increase in apoplastic pH in the basal region under water stress may not be optimal for oxalate oxidase activity. Low levels of oxalate oxidase activity and apoplastic H 2 O 2 production in the basal region could also reflect limited substrate availability.
However, it is important to note that even in the assay for oxalate oxidase activity, in which root segments (apical 12 mm) were placed in a staining solution at pH 4 with supplied oxalate substrate, the water-stressed roots exhibited minimal activity in R2 and a relatively small and inconsistent increase in activity in R3 (Fig. 4) , despite the high abundance of oxalate oxidase proteins in these regions (Zhu et al., 2007) . Additional experiments in a different genotype showed that the low oxalate oxidase activity in R2 and R3 was not attributable to limited penetration of the staining solution into the root tissues, since the staining pattern along the root growth zone was similar when transverse sections at different distances from the apex were stained after sectioning. In addition, it is unlikely that apoplastic H 2 O 2 increased in tissues other than the cortex, which was the focus of the present study, since the limited staining for oxalate oxidase activity in both R2 and R3 of water-stressed roots occurred predominantly in the central cortical region (P Voothuluru et al., unpublished data) . Taken together, the results indicate that factors in addition to apoplastic pH and substrate availability are responsible for limiting oxalate oxidase activity, and thus apoplastic H 2 O 2 production, in the basal region of the growth zone in roots growing under water-stressed conditions. Further experiments are needed to examine additional potential sources of the increase in apoplastic H 2 O 2 in the apical region of water-stressed roots. Notably, the abundance of a SOD was also markedly increased in R1 of water-stressed compared with well-watered roots (Zhu et al. 2007) , indicating a need to reduce excess superoxide in this region. In addition, several peroxidases were more abundant in R1 of water-stressed roots (Zhu et al., 2007) . Accordingly, it is likely that increases in SOD and peroxidase activity also contributed to increased apoplastic H 2 O 2 production.
Interestingly, the accumulation of abscisic acid (ABA), which is required for the maintenance of maize primary root growth at low water potential (Saab et al., 1990; Sharp et al., 1994) , was found to regulate plasma membrane hyperpolarization in the apical region of the growth zone, possibly via increased activity of the plasma membrane proton ATPase (Ober and Sharp, 2003) . Accordingly, ABA could indirectly regulate oxalate oxidase activity and apoplastic H 2 O 2 production by regulating apoplastic pH levels. ABA could also be involved in direct regulation of oxalate oxidases as suggested in biotic stress interactions, wherein ABA regulates small RNA-mediated oxalate oxidase transcript abundance (Davidson et al., 2009 ).
Potential functions of increased apoplastic ROS in regulating the root growth response to water stress
As described earlier, the response of cell elongation is spatially modulated in water-stressed roots, being preferentially maintained in R1 ( Fig. 1; Sharp et al., 1988; Liang et al., 1997) . Cell production, which occurs in the meristematic region that is also encompassed within R1, was also reported to be relatively robust in water-stressed maize primary roots (Saab et al., 1992 ; although a contrasting finding was reported by Fraser et al., 1990) . There is evidence that apoplastic ROS can regulate cell expansion, and that these activities are regulated in a spatial manner (Fry, 2004; Passardi et al., 2004) . In addition, ROS have also been shown to act as important signalling molecules in various processes (Mittler et al., 2004; Moller and Sweetlove, 2010) . In particular, it is interesting that in various animal and plant systems, ROS have been suggested to be directly or indirectly involved in the regulation of cell production (Foyer and Noctor, 2005; Burhans and Heintz, 2009; Diaz-Vivancos et al., 2010) .
Since the water-stressed roots showed increased apoplastic H 2 O 2 levels specifically in the apical region where cell elongation is maintained ( Fig. 1; Table 1 ), it is possible that this response may be involved in the enhanced longitudinal extensibility of the cell walls in this region of water-stressed compared to wellwatered roots (Wu et al., 1996) . Generation of highly reactive hydroxyl radicals from H 2 O 2 can cause polysaccharide scission and, therefore, wall loosening (Fry, 1998; Schopfer, 2001; Fry et al., 2002; Liszkay et al., 2004; Müller et al., 2009; Voegele et al., 2012) , and there is evidence for this activity in the growth zone of well-watered maize primary roots (Liszkay et al., 2004) .
On the other hand, apoplastic H 2 O 2 can traverse the plasma membrane (Moller and Sweetlove, 2010) into the cytosol via plasma membrane-localized aquaporins (Bienert et al., 2007; Miller et al., 2010) . In animal systems, ROS have been shown to interact with transcription factors to regulate cell production and proliferation (Burhans and Heintz, 2009 and references therein; Miller et al., 2010) . Alternatively, ROS can modulate the ratios of oxidized and reduced metabolites such as ascorbate and glutathione, which are known to be important for cell cycle progression (Moller and Sweetlove, 2010; Noctor, 2005, 2011) . In a recent study, Tsukagoshi et al. (2010) found that ROS are important for maintaining meristem size in Arabidopsis roots. Several transcriptomic, proteomic, and metabolomic studies of water-stressed tissues found evidence for the differential regulation of cyclin-dependent protein kinases and of ascorbic acid and glutathione metabolism (Urao et al., 1994; Bray, 2002; Zhu et al., 2007; Oliver et al., 2011) .Whether apoplastic ROS are involved in similar effects that regulate cell production in waterstressed roots needs to be investigated.
The next paper in this series will describe the utilization of transgenic maize lines over-expressing oxalate oxidase (Ramputh et al., 2002) to analyse the role of increased apoplastic H 2 O 2 in regulating cell expansion and production in the maize primary root under well-watered and water-stressed conditions.
